Lipocalin 2 (Lcn2) has been previously characterized as an adipokine/cytokine and implicated in obesity and inflammation. Herein, we investigated the role and potential mechanism of Lcn2 in the regulation of macrophage polarization in obesity-associated inflammation. We observed that Lcn2Ϫ/Ϫ mice displayed an up-regulation of expression of M1 macrophage marker Cd11c but a down-regulation of M2 marker arginase 1 in adipose tissue and liver of mice upon a high-fat diet feeding. Lcn2-deficient bone marrow-derived macrophages (BMDMs) were more sensitive to lipopolysaccharide (LPS) stimulation, leading to a more profound up-regulation of expression of pro-inflammatory markers than wild-type (WT) BMDMs. Accordingly, LPS stimulation elicited an increase in the activation of nuclear factor kappa-light-chain-enhancer of activated B cells ( 
L
ow-grade chronic inflammation in adipose tissue is one of the characteristics of obesity and plays an important role in the development of insulin resistance, diabetes, and metabolic complications (1) . Among various types of cells in adipose tissue, macrophages are the major contributor to adipose tissue inflammation in obesity (2, 3) . Adipose tissue macrophages (ATMs) can exhibit either classically (M1) or alternatively (M2) activated state depending on the inflammatory state in adipose tissue (4) .
In obese subjects and rodents, ATMs are polarized toward an M1 phenotype, accompanied with the up-regulation of expression of proinflammatory cytokines. M1 macrophage-produced inflammatory cytokines including TNF␣, IL-6, and IL-1␤ interfere with insulin-signaling transduction in adipocytes, resulting in insulin resistance (3) . Studies have demonstrated that M1 macrophages are activated by proinflammatory stimuli such as lipopolysaccharide (LPS) and interferon-gamma via activating nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) (5) . In contrast, in lean or IL-4/IL-13-stimulated state, ATMs can be switched to a M2 subtype with the up-regulation of expression of anti-inflammatory cytokines/markers including IL-10, Ym1 (T-lymphocyte-derived eosinophil chemotactic factor), and Arginase 1 (Arg1), leading to the improvement of insulin sensitivity (6, 7) .
Free fatty acids and adipokines that are released from adipocytes are important regulators of ATMs' recruitment and activation. It is well known that free fatty acids induce the activation of IkB kinase ␤ and c-Jun N-terminal kinase (JNK) inflammatory pathways in adipose tissue, liver, and skeletal muscle, leading to cellular inflammation and insulin resistance (8 -11) . However, which adipokines regulate M1/M2 polarization and the mechanisms involved during obesity remain largely unknown.
Lipocalin 2 (Lcn2), also known as neutrophil gelatinase-associated lipocalin, is a recently identified adipokine (12, 13) . Lcn2, as a member of the lipocalin subfamily, is a 25 kDa secreted protein and has binding capabilities for hydrophobic molecules including retinoids, fatty acids, and various steroids (14) . Lcn2 promoter region contains the binding sites of several transcription factors such as NF-B, STAT1, STAT3, CREB, and C/EBP␤ (15) (16) (17) , suggesting a potential role of Lcn2 in the control of inflammation and metabolism.
Emerging evidence has shown that Lcn2 is highly upregulated when exposed to inflammatory conditions and plays a role in the modulation of macrophage activation in lung, liver, and brain (18 -20) (21) . However, little is known about the role and mechanism of Lcn2 in adipose tissue inflammation in obesity. We have previously shown that Lcn2 gene expression is induced by LPS in RAW264.7 macrophages. Recombinant Lcn2 attenuates LPS-stimulated gene expression of inflammatory cytokines (13) . Our in vivo studies have demonstrated that Lcn2Ϫ/Ϫ mice on high-fat diet (HFD) displayed an up-regulation of expression of inflammatory cytokines such as MCP-1 and TNF␣, but a down-regulation of anti-inflammatory Arg1 in adipose tissue (22) . Lcn2Ϫ/Ϫ mice also exhibited decreased peroxisome proliferator-activated receptor gamma (PPAR␥) expression in adipose tissues (22, 23) . PPAR␥ has been known to regulate the recruitment and function of M2 macrophages in obesity (24) .
In the current study, we investigated the role and potential mechanism for Lcn2 in the regulation of inflammation using bone marrow-derived macrophages (BMDM) and elicited peritoneal macrophages from Lcn2Ϫ/Ϫ mice. We observed that Lcn2Ϫ/Ϫ mice exhibited an up-regulation of expression of M1 marker Cd11c, but a down-regulation of M2 marker Arg1 in primary macrophages as well as adipose tissue and liver. Lcn2 deficiency led to the increased activation of LPS-induced inflammatory-signaling pathways including NF-B, c-Jun, and STAT3 in BMDMs. recombinant Lcn2 exerted an antiinflammatory effect in BMDM by reducing LPS-stimulated IB␣ degradation and STAT3 phosphorylation. The NFB inhibitor markedly blocked LPS-stimulated STAT3 phosphorylation in Lcn2Ϫ/Ϫ BMDMs. We also found that the effect of PPAR␥ agonist rosiglitazone on attenuating LPS-stimulated IB␣ degradation and cytokine production was reduced in Lcn2Ϫ/Ϫ BMDMs. Our data suggest that Lcn2 plays a role as an anti-inflammatory factor in regulating M1/M2 polarization via modulating NF-B-STAT3 loop activation.
Materials and Methods

Animals
As we described previously (22) , wild type (WT) and Lcn2-null (Lcn2Ϫ/Ϫ) mice on a C57BL/6 background were used in this study. Mice were housed in a specific pathogen-free facility and were given free access to water and food. All experimental procedures were approved by the University of Minnesota animal care and use committee. Animal handling was performed according to National Institutes of Health guidelines.
From 4 weeks of age, male WT and Lcn2Ϫ/Ϫ mice were fed either a regular-chow diet (RCD) or a HFD (fat calories, 60%, F3282, Bio-Serv) for 12 weeks. These age-matched mice were used for tissue collection, macrophages isolation, and primary peritoneal macrophages harvest, respectively.
Isolation and culture of BMDM
BMDMs were isolated according to the protocol described previously (25, 26) . In brief, bone marrows were aseptically collected from tibias and femurs of four to five mice on RCD at age 16 weeks. Bone marrows were flushed out from bone cavity by cold sterile RPMI 1640 (Life Technologies) and passed through a 70-m nylon mesh (Cell strainer, Becton Dickinson) to remove cell clumps and bone fragments. After centrifuge, red blood cells were removed by red cell lysis buffer (Sigma-Aldrich) and fibroblasts in bone marrow were removed by plastic adherence. The remaining cells were then seeded into six-well plates and cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (Atlanta Biologicals), L-glutamine (2 mmol/L, Sigma-Aldrich), and 1% penicillin-streptomycin (Life Technologies). The bone marrow monocytes/macrophage progenitors were induced to proliferate and differentiate into mature BMDM by mouse recombinant macrophage colony-stimulating factor (CSF) (10 ng/ml, R&D Systems). The culture media were replaced by fresh ones every 2-3 days. On day 7, nonadherent cells were washed by PBS. Adhesive cells were used for in vitro experiments.
Collection and culture of peritoneal macrophages
Peritoneal macrophages were collected from four mice by peritoneal lavage 4 days after injection of 2 ml of 3% thioglycolate medium (Sigma-Aldrich). The cells were then cultured in RPMI 1640 containing 10% fetal bovine serum and 1% penicillin-streptomycin for 2 days in a 37°C and 5% CO 2 incubator followed by LPS stimulation.
RNA isolation and relative quantitative RT-PCR
Total RNA was extracted from frozen tissues with TRIZOL reagent (Invitrogen). First-strand cDNA was synthesized from DNase-treated total RNA using a Superscript II reverse transcriptase kit (Invitrogen). Quantitative amplification by PCR was carried out using SYBR Green qPCR Master Mix (SABiosciences) by a StepOne Real-Time PCR System (Applied Biosystem). The ⌬⌬Ct method was used to calculate the re- 
Western blot analysis
The BMDMs and peritoneal macrophages were homogenized in a lysis buffer before subjection to Western blot analysis with specific antibodies. The primary antibodies included goat polyclonal antibody against Lcn2 and neutralizing antibody against IL-6 (R&D Systems), mouse monoclonal antibodies to NF-B and c-Jun, and rabbit monoclonal antibodies to phospho-NF-B p65, phospho-c-Jun, IB␣, phospho-p38 MAPK, p38 MAPK, phospho-STAT3 (Tyr705), STAT3, and ␤-actin, (Cell Signaling Technology). Densitometric quantification was determined using an image analysis program (Alpha Innotech) and reported as a ratio to total protein or ␤-actin as suggested in the result sections.
Statistical analysis
Results are expressed as mean Ϯ SEM. A two-tailed Student t test was used to test for differences between genotypes or treatment. P Ͻ .05 was considered significant.
Results
Lcn2 expression is induced by LPS in BMDMs and peritoneal macrophages
It has been known that most of macrophages in adipose tissue are derived from bone marrow and the macrophage content in adipose tissue is associated with the severity of obesity (2, 27) . We have previously shown that LPS strongly induced Lcn2 gene expression in RAW264.97 macrophages (13) . In this study, we examined the regulation of Lcn2 expression and secretion by LPS in BMDMs and peritoneal macrophages. We found that Lcn2 gene expression was up-regulated by LPS stimulation in BMDMs isolated from normal mice in a dosedependent manner ( Figure 1A ). As shown in Figure 1B , LPS treatment for 3 hours led to a slight decrease or no change in intracellular Lcn2 protein, but a significant increase in secreted Lcn2 in the culture medium of BMDMs. Consistently, in peritoneal macrophages isolated from normal mice, the Lcn2 protein expression was markedly increased with 6-hour LPS treatment ( Figure 1C ).
Lcn2 deficiency alters macrophage polarization in adipose tissue, liver, BMDMs, and peritoneal macrophages
We have previously reported that the gene expression of MCP1 and TNF␣ was up-regualted in Lcn2Ϫ/Ϫ mice fed a HFD (22) . To explore further the role of Lcn2 in macrophage activation in adipose tissue during obesity, we first examined the gene expression of M1 and M2 macrophage markers to suggest the status of macrophage polarization in visceral adipose tissue and liver of Lcn2Ϫ/Ϫ mice upon a HFD feeding. The results showed that the gene expression of M1 marker Cd11c was increased whereas M2 marker Arg1 was decreased ( Figure 2A ) in epididymal adipose tissue and liver in Lcn2Ϫ/Ϫ mice compared with those in WT mice fed a HFD. We next assessed the direct effect of Lcn2 deficiency on the activation of BMDMs. BMDMs were isolated from WT and Lcn2Ϫ/Ϫ mice on a RCD and treated with LPS for M1 or IL4 for M2 polarization (28) . Lcn2 defi- B, Gene expression of M1 markers and proinflammatory molecules by LPS stimulation (1 g/ml) for 6 h (n ϭ 4). C, M2 markers by IL4 treatment (10 ng/ml) for 24 h in BMDMs (n ϭ 5) isolated from RCD-fed mice. Cytokine mRNA expression in peritoneal macrophages treated with LPS (1 g/ ml) for 6 h. D, (n ϭ 4, peritoneal macrophages were isolated from RCD-fed mice). The values were mean Ϯ SEM. *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001 vs WT. To test the possibility that Lcn2 deficiency affects macrophage differentiation, we examined the gene expression of myeloid markers as well as M1 and M2 macrophage markers in WT and Lcn2Ϫ/Ϫ bone marrow-derived cells after the incubation with macrophage CSF under nonstimulated conditions. As shown in Figure 2E , the basal levels of myeloid markers F4/80, CD68, and Cd11b as well as M1 and M2 markers including Cd11c, IL-1␤, IL-6, MCP1, TNF␣, Arg1, and IL-10 were not different between WT and Lcn2Ϫ/Ϫ BMDMs. This result suggests that Lcn2 does not influence the proliferation and differentiation of macrophages.
Lcn2 deficiency results in increased activation of LPS-stimulated NFB signaling pathway
It has been known that LPS induces the activation of multiple proinflammatory transcription factors and signaling pathways, including NF-B, the MAPK p38, and JNK, leading to the activation of M1 macrophages. Among these signaling pathways, NF-B signaling pathway plays a central role in mediating inflammatory signals and controlling the production of proinflammatory mediators. We subsequently examined the activation of inflammatory signaling pathways in WT and Lcn2Ϫ/Ϫ BMDMs treated with the TLR4 ligand LPS. Our results showed that LPS treatment for 15 minutes led to an increase in NF-B phosphorylation ( Figure 3A ) and an enhancement in IB␣ degradation ( Figure 3B ) in Lcn2Ϫ/Ϫ BMDMs compared with WT cells. We also observed that the phosphorylation of c-Jun was increased after 3-hour treatment with LPS at the dose of 0.1 g, but not 1.0 g in Lcn2Ϫ/Ϫ BMDMs compared with WT cells ( Figure 3C ). However, Lcn2 deficiency did not affect LPS-stimulated p38MAPK phosphorylation; LPS treatment for 1 hour induced p38MAPK phosphorylation to a similar extent in WT and Lcn2Ϫ/Ϫ BMDMs ( Figure 3D ).
Lcn2 deficiency results in increased activation of LPS-stimulated STAT3 signaling pathway
Signal transducer and activator of transcription (STAT) family proteins, especially STAT3 is highly interconnected with NF-B signaling (29 -31) . Studies in cancer cells have demonstrated that there is a direct interaction between STAT3 and NF-B, leading to a trap of NF-B in the nucleus, thereby contributing to the constitutive activation of NF-B and inflammation (32) . As shown in Figure 2 , B and C, STAT3 and NF-B target genes such as IL-1␤, IL-6, iNOS, MCP-1, and IL-10 were significantly altered in Lcn2Ϫ/Ϫ BMDMs, suggesting that Lcn2 plays a role in controlling the activation of NF-B-STAT3 loop. Therefore, we examined whether Lcn2 deficiency alters STAT3 pathway activation and if Lcn2 directly regulates NF-B and STAT3 activity. We treated BMDMs from WT and Lcn2Ϫ/Ϫ mice with recombinant Lcn2 and assessed the phosphorylation of STAT3 and the degradation of IB␣; LPS and rosiglitazone (Rosi) served as a positive and negative control, respectively, for the activation of these two inflammatory signaling pathways. Interestingly, LPS treatment for 2 hours induced much stronger phosphorylation of STAT3 in Lcn2Ϫ/Ϫ BMDMs compared with WT cells ( Figure  4A ). The treatment of recombinant Lcn2 alone or Rosi had no effect on STAT3 phosphorylation in WT and Lcn2Ϫ/Ϫ BMDMs ( Figure 4A ). As expected, LPS significantly stimulated IB␣ degradation whereas Rosi inhibited IB␣ degradation in WT BMDMs ( Figure  4B) , even under the nonstimulated condition; this inhibitory effect of Rosi was diminished in Lcn2Ϫ/Ϫ BMDMs ( Figure 4B ). However, recombinant Lcn2 alone showed no significant effect on IB␣ degradation in WT and Lcn2Ϫ/Ϫ BMDMs under the nonstimulated condition ( Figure 4B ).
Recombinant Lcn2 attenuates LPS-stimulated NF-B and STAT3 pathway activation and the M1 polarization in Lcn2؊/؊ BMDMs
In this experiment, we further examined whether Lcn2 exerts an anti-inflammatory effect as suggested by breaking the NF-B-STAT3 loop. Mouse recombinant Lcn2 and Rosi were added to LPS-treated WT and Lcn2Ϫ/Ϫ BMDMs and their effect on NF-B and STAT3 phosphorylation as well as the expression of cytokines IL-6, iNOS, and Cd11c were evaluated. First, we showed that the pretreatment of recombinant Lcn2 reduced LPS-stimulated IB␣ degradation ( Figure 5A ) in Lcn2Ϫ/Ϫ but not WT BMDMs. Secondly, LPS treatment consistently caused a more profound increase in STAT3 phosphorylation in Lcn2Ϫ/Ϫ BMDMs compared with WT cells ( Figure 5B ). Rosi had no significant effect on LPS induction of STAT3 phosphorylation in both WT and Lcn2Ϫ/Ϫ BMDMs ( Figure 5B ). However, Lcn2 was able to reduce LPS-induced STAT3 phosphorylation in WT and Lcn2Ϫ/Ϫ BMDMs ( Figure 5B ) although the STAT3 phosphorylation still remained at a higher level in Lcn2Ϫ/Ϫ BMDMs than WT cells with Lcn2 treatment ( Figure 5B ). Third, we examined the effect of recombinant Lcn2 on the gene expression of M1 marker Cd11c and inflammatory cytokines IL6 and iNOS. As shown in Figure 5C , the gene expression of Cd11c, IL6, and iNOS was more profoundly up-regulated by LPS stimulation in Lcn2Ϫ/Ϫ BMDMs compared with WT cells. In WT BMDMs, both Rosi and recombinant Lcn2 treatment was able to reduce the LPS-stimulated expression of Cd11c, IL6, and iNOS. Interestingly, in Lcn2Ϫ/Ϫ BMDMs, the LPS-induced expression of Cd11c, IL6, and iNOS was significantly suppressed by recombinant Lcn2 treatment. However, Rosi failed to efficiently inhibit the LPS stimulation of Cd11c, IL6, and iNOS expression, which is in accordance with no effect of Rosi on STAT3 pathway activation in Lcn2Ϫ/Ϫ BMDMs.
Inhibiting NFB blocks the overactivation of STAT3 signaling pathway in Lcn2؊/؊ BMDMs
To demonstrate the hypothesis that Lcn2 exerts its anti-inflammatory effect by controlling NF-B-STAT3 loop activation, we performed the time course of Lcn2 secretion, NFB phosphorylation, and STAT3 phoshorylation in response to LPS stimulation and correlated Lcn2 levels to NFB and STAT3 phosphorylation. We have already shown in Figure 3A that NFB phosphorylation was rapidly induced after 15 minutes of LPS treatment. As shown in Figure 6A , LPS-stimulated NFB phosphorylation was significantly blunted after 3-hour treatment and disappeared after 6-hour and 24-hour treatment in WT BMDMs. However, the response of NFB phosphorylation to LPS stimulation remained longer (after 6-h treatment) and stronger in Lcn2Ϫ/Ϫ BMDMs compared with WT cells. Interestingly, compared with NFB, STAT3 phosphorylation in response to LPS stimulation was delayed. We were unable to detect significant STAT3 phosphorylation with 15 minutes of LPS treatment (data not shown). After 3-hour treatment, LPS-stimulated STAT3 phosphorylation was increased and reached the maximal levels at the time point of 6-hour treatment, and then declined after 24-hour treatment ( Figure 6A ). These results demonstrate that LPS-induced NFB activation occurs prior to STAT3 phosphorylation. In addition, the time-course study showed that Lcn2 secretion was markedly increased over the 24 hours of LPS treatment; Lcn2 accumulated in the culture medium reached the peak level after 24-hour treatment of LPS ( Figure 6B) . Our results clearly demonstrate that NFB activation occurs first, followed by STAT3 activation and Lcn2 secretion in response to LPS stimulation. When Lcn2 secretion reaches the maximal level after 24-hour LPS treatment, STAT3 phosphorylation declines, suggesting the role of Lcn2 as an autocrine/paracrine factor in inhibiting NF-B-STAT3 loop activation. IL-6 has been known to play a role as a STAT3 activator in potentially linking NF-B to STAT3 activation and maintaining the persistent activation of NF-B-STAT3 loop in cancer cells (33) (34) (35) . Next, we explored whether IL-6 contributes to Lcn2 deficiency-caused overactivation of NFB-STAT3 loop. First, we detected IL-6 secretion from WT and Lcn2Ϫ/Ϫ BMDMs treated with LPS for 24 hours using Western blotting. As expected, LPS-induced IL-6 secretion was increased in Lcn2Ϫ/Ϫ BMDMs compared with WT cells ( Figure 6C ). We then determined whether Lcn2 can reduce the increase in LPSinduced IL-6 secretion in Lcn2Ϫ/Ϫ BMDMs. WT and Lcn2Ϫ/Ϫ BMDMs were treated with LPS, Rosi and LPS plus recombinant Lcn2 for 24 hours. Our results showed that cotreatment with recombinant Lcn2 significantly reduced LPS-induced IL-6 secretion in both WT and Lcn2Ϫ/Ϫ BMDMs ( Figure 6D ). These data support that Lcn2 does regulate LPS-stimulated IL-6 secretion. Second, we treated BMDMs with IL6 for 15 minutes, 1 hour, and 6 hours to assess whether Lcn2 deficiency affects IL-6-stimualted STAT3 phosphorylation. As illustrated in Figure 6E , IL-6 is a potent stimulus of STAT3 phosphorylation, and IL-6 alone can rapidly and strongly stimulate STAT3 phosphorylation ( Figure 6E ). However, unlike LPS, IL-6 stimulation of STAT3 phosphorylation was not altered in Lcn2Ϫ/Ϫ BMDMs ( Figure 6E ), suggesting that Lcn2 deficiency affects IL-6 secretion, but not IL-6 action on STAT3 activation. In attempt to more completely understand whether and how much IL-6 at its physiological concentration contributes to LPS-induced STAT3 activation in Lcn2Ϫ/Ϫ BMDMs, we determined whether blocking IL-6 action by anti-IL6 antibody could reduce LPS-induced STAT3 phosphorylation in Lcn2Ϫ/Ϫ BMDMs. However, the results showed that blocking IL-6 failed to reduce LPS-stimulated STAT3 phosphorylation and B, IB␣ degradation in BMDMs. The BMDMs were treated with Rosi (1 M) or recombinant Lcn2 (500 ng/ml) for 24 h. The control and LPS groups were treated without or with LPS (1 g/ml) for 2 h. The experiments were repeated two to three times. The values were mean Ϯ SEM (n ϭ 3). *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001 vs WT; #, P Ͻ .05; ##, P Ͻ .01 vs LPS. or recombinant Lcn2 (500 ng/ml) for 24 h, followed by LPS (1 g/ml) stimulation for 15 min for IB␣ degradation and 3 h for phosphorylation of c-Jun and STAT3. C, Gene expression of M1 macrophage markers in LPS-stimulated BMDMs. The isolated BMDMs were pretreated with Rosi (1 M) or recombinant Lcn2 (500 ng/ml) for 24 h, followed by the stimulation of LPS (1 g/ml) for 6 h. The experiments were repeated two to three times. The values were mean Ϯ SEM (n ϭ 3). *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001 vs WT; #, P Ͻ .05; ##, P Ͻ .01 vs LPS. in Lcn2Ϫ/Ϫ BMDMs ( Figure 6F ), suggesting that IL-6 may not be the major contributor of LPS-induced STAT3 phosphorylation in BMDMs. In addition, we showed that IL-6 did not significantly stimulate Lcn2 expression and secretion in BMDMs ( Figure 6G ), further suggesting that Lcn2 is unlikely a negative regulator of IL-6-stimulated STAT3 phosphorylation. Because LPS can stimulate the secretion of a range of cytokines and other inflammatory mediators in macrophages, it is likely that many cytokines/inflammatory mediators rather than IL-6 alone may be involved in mediating LPS effect on NFB-STAT3 loop activation. To test this hypothesis, we determined whether the overactivation of NF-B-STAT3 loop can be blocked by inhibiting NF-B activation, thereby cytokine production in Lcn2Ϫ/Ϫ BMDMs. We treated BMDMs from WT and Lcn2Ϫ/Ϫ mice with or without LPS in the presence or absence of Bay 11-7082, the NF-B inhibitor. Figure 6H showed that the pretreatment with Bay11-7082 completely blocked LPS-induced STAT3 phosphorylation in WT and Lcn2Ϫ/Ϫ BMDMs. These results suggest the proposed role of a range of cytokines controlled by NFB in stimulating STAT3 activation and the anti-inflammatory role of Lcn2 in regulating M1 polarization in BMDMs through controlling the NF-B-STAT3 loop activation.
Discussion
We have previously shown that Lcn2 plays an important role in energy metabolism, obesity, and insulin resistance (22) . In the present study, we explored the role and mechanism for Lcn2 in macrophage activation to gain a better understanding of the Lcn2 role in obesityassociated adipose tissue inflammation. Our results suggest that Lcn2 plays an anti-inflammatory role in regulating macrophage polarization by controlling the activation of NF-B-STAT3 loop. Lcn2 deficiency leads to the macrophages toward M1 polarization as evidenced by the increased expression of M1 macrophage markers and the decreased expression of M2 makers in BMDMs. In vitro studies demonstrate that Lcn2Ϫ/Ϫ BMDMs are more sensitive to LPS stimulation in the expression of proinflammatory markers and the activation of inflammatory signaling pathways including NF-B, c-Jun, and STAT3 pathways compared with WT BMDMs. recombinant Lcn2 suppressed LPS-induced expression of proinflammatory markers and attenuated LPS stimulation of NF-B and STAT3 pathway activation and IL-6 secretion in Lcn2Ϫ/Ϫ BMDMs. Our data suggest that Lcn2 may play an anti-inflammatory role in macrophage polarization potentially through modulating the activation of NF-B-STAT3 loop. BMDMs were preincubated with anti-IL6 antibody (1 g/ml) for 1 h, followed by the stimulation of LPS (1 g/ml) for 6 h. G, IL-6 stimulation of Lcn2 expression and secretion in BMDMs. H, Representative Western blots for phosphorylated STAT3 in BMDMs with pretreatment of Bay 11-7082 for 1 h followed by 2-h LPS treatment. The experiments were repeated two to three times.
Based on the fact that ATMs reside in a milieu surrounded by adipocytes, ATMs have the potential to directly respond to the locally released adipokines/cytokines and lipid mediators as a result of metabolic perturbations in adipose tissue. To date, the regulatory role adipokines play in macrophage activation in obesity is far from understood. Previous studies from our group and others have implicated a role of Lcn2, as a new adipokine, in HFD-induced obesity and insulin resistance in mice although the results are conflicting among three groups (12, 22, 36) . The discrepancy could be due to the differences in HFD used by three groups, ambient temperature and environment of mouse housing, and sources of Lcn2Ϫ/Ϫ mice. In addition, we recently reported that Lcn2 has a significant role in the regulation of brown fat activation through a nonadrenergic activation mechanism (37) . However, the precise regulatory role and mechanism of Lcn2 in ATMs in the pathogenesis of obesity has not been clearly addressed. In this study, we showed that LPS significantly stimulates Lcn2 secretion in both BMDMs and peritoneal macrophages. Our results from Lcn2Ϫ/Ϫ mice confirmed that there was an upregulation of expression of M1 markers, but a downregulation of M2 markers in adipose tissue and liver in Lcn2Ϫ/Ϫ mice when challenged with HFD.
In diet-induced obesity, the excessive lipids released by adipocytes have been known to promote the recruitment of M1 polarized macrophages in adipose tissue, which is mediated by TLR4 and inflammatory signaling pathway activation (38 -42) . In addition, the elevated circulating LPS and up-regulation of macrophage TLR4 expression was observed in obese subjects (43, 44) , suggesting that LPS plays a role in mediating HFD-induced macrophage activation and inflammation in obesity. Hence, investigating the role of Lcn2 in LPS-stimulated macrophage activation in vitro is of physiological relevance. Our findings from in vitro studies demonstrated that BMDMs lacking Lcn2 are more sensitive to LPS induction in the expression of M1 macrophage markers than WT controls, suggesting a potential role of Lcn2 in the inhibition of M1 polarization. This result is in accordance with the evidence from a recent study supporting that Lcn2 is a deactivator of macrophages and plays a role as an antiinflammatory factor in controlling the magnitude of immune responses in BMDMs (18) . Moreover, our results are supported by the reports from others that Lcn2 deficiency exacerbates LPS-induced tissue damage and potentiates LPS-induced proinflammatory gene expression in spleen and liver (20) . However, there are also some conflicting data for the role of Lcn2 in inflammation. Suk and colleagues reported that Lcn2-deficient mice exhibit a reduced M1 activation in response to LPS stimulation in microglia and astrocytes (45, 46) whereas others showed no difference between WT and Lcn2-deficient mice in host response to LPS in brain (47) . These discrepancies could result from the differences in the doses of LPS used in the experiments or in the types of cells and tissues examined.
Among various proinflammatory signaling pathways, NF-B-dependent pathways have been known to be the most important mediator of LPS-induced inflammation and proinflammatory cytokine production (48 -51) . TLR4 ligation by LPS promotes the phosphorylation of NF-B and IB degradation to free NF-B, leading to the nuclear translocation and activation of NF-B transcription. In addition, the activation of TLRs stimulates NF-B-independent signaling pathways such as MAPK family, including p38MAPK and JNK; the set of genes that are activated by p38 MAPK and JNK signaling pathways substantially overlaps with that transactivated by NF-B (52-54). More importantly, there exists the interaction between NF-B and STAT3 inflammatory signaling pathways (29 -32) . Studies in cancer cells suggest that this interaction is connected primarily by IL-6 forming a NF-B-IL-6-STAT3 loop that prolongs the NF-kB activation (33) (34) (35) . This loop drives the constitutive polarization to M1 macrophages and plays an important pathological role in the development of chronic inflammation in cancer cells. In the present study, we observed the marked enhancement in the LPS-induced activation of NF-B and STAT3 signaling pathways in Lcn2Ϫ/Ϫ BMDMs, the increased expression of NF-B and STAT3 target genes such as IL-6, IL-1␤, and MCP-1, and the increased IL-6 secretion in Lcn2Ϫ/Ϫ BMDMs isolated from RCD-fed mice. However, we did not observe the effect of Lcn2 deficiency on LPS-stimulated p38MAPK phosphorylation in Lcn2Ϫ/Ϫ BMDMs. These results suggest that the activation of NF-B-STAT3 loop is increased, which may contribute to M1 macrophage activation in BMDMs in the absence of Lcn2. It has been proposed that M1 polarization is normally self limited and resolved by negative feedback loops (55) . Because NF-B is necessary for Lcn2 production (56), we speculate that Lcn2 acts as a negative feedback factor, which promotes the resolving of inflammation. In Lcn2 deficient BMDMs, this negative feedback loop of NF-B-STAT3 is lost, leading to the increased magnitude of inflammatory responses.
To provide more evidence supporting the hypothesis described above, we assessed the effect of recombinant Lcn2 on the activation of inflammatory signaling pathways and the expression of proinflammatory markers in WT and Lcn2Ϫ/Ϫ BMDMs under the nonstimulated and LPS-stimulated conditions. Our results showed that the pretreatment of recombinant Lcn2 significantly pre- we treated the BMDMs with recombinant Lcn2 in the absence of LPS stimulation, Lcn2 had no effect on the activation of NF-B-STAT3 signaling pathways. This suggests that Lcn2 per se is not proinflammatory, but exerts anti-inflammatory effect when the proinflammatory stimulation is present. Given that Lcn2 production is stimulated by NF-B activation, the induction and secretion of Lcn2 by LPS could be a mechanism required for the resolution of inflammatory response in ATMs by inactivating a feed-forward loop of NF-B-STAT3 signaling pathways. Our results from the time course of Lcn2 secretion, NFB and STAT3 phosphorylation in response to LPS stimulation support the sequential event of NFB activation followed by Lcn2 secretion and the suppression of STAT3 phosphorylation. In addition, IL6 is the predominant cytokine required for LPS-induced STAT3 activation (57, 58) . Hence, it is conceivable that the higher level of IL-6 expression and secretion in LPStreated Lcn2Ϫ/Ϫ BMDMs may contribute to the increased STAT3 phosphorylation and the sustained activation of NF-B-STAT3 loop. However, our data do not seem to support the role of IL-6 as a primary cytokine in linking NF-B-STAT3 loop in BMDMs. First, Lcn2 deficiency does not alter IL-6 stimulation of STAT3 phosphorylation. Second, LPS-stimulated STAT3 phosphorylation was not significantly affected by blocking IL-6 action, but completely suppressed by inhibiting NFB activity. All the data together led us to propose a model that a range of NFB-controlled cytokines (rather than just IL-6) mediate the NF-B-STAT3 loop activation and Lcn2 breaks this loop by inhibiting NFB activity ( Figure  7) . Interestingly, Rosi treatment significantly reduced LPS-induced expression of inflammatory genes as well as IB degradation in WT, but not in Lcn2Ϫ/Ϫ BMDMs. Consistently, the inhibitory effect of Rosi on inflammatory markers including Cd11c, IL-6, and iNOS was diminished in Lcn2Ϫ/Ϫ BMDMs. However, Rosi did not affect LPS induction of STAT3 and p38MAPK (data not shown) activation. Our findings are in line with other studies that the down-regulation of PPAR␥ in LPS-stimulated macrophages is mediated by NF-B other than p38MAPK, JNK, and AP-1 pathways (59), suggesting that Lcn2 is required for anti-inflammatory effect of Rosi, and Lcn2 deficiency impairs the interaction of PPAR␥-NF-B signalings in macrophages. The loss of Lcn2 negative feedback control for NF-B activation may further inhibit PPAR␥ activity and potentiate LPS-induced proinflammatory gene expression.
In conclusion, our data demonstrate that Lcn2 deficiency skews macrophages toward the M1 activation in BMDMs in response to LPS stimulation. We also showed that Lcn2 deficiency potentiates the activation of NF-B-STAT3 pathways by LPS stimulation in BMDMs. recombinant Lcn2 reduces the LPS stimulation of M1 activation and NFB-STAT3 phosphorylation, and inhibiting NFB blocks LPS stimulation of STAT3 activation in Lcn2Ϫ/Ϫ BMDMs. Our results suggest that Lcn2 plays an antiinflammatory role in controlling the activation of NF-B-STAT3 loop, thereby limiting inflammatory responses. The detailed mechanisms or signaling pathways that mediate Lcn2 function in inflammation warrant further investigations. A model for Lcn2 role as a negative regulator in NFB-STAT3 loop activation in macrophages. Upon LPS stimulation, NFB is rapidly activated, leading to the secretion of a range of proand antiinflammatory cytokines. Proinflammatory cytokines such as IL-6 and other molecules subsequently stimulate STAT3 phosphorylation which further activates NFB, forming a feed-forward loop. During the inflammatory response, Lcn2 is also increasingly secreted and acts as a fine-tuning regulator of inflammation in an autocrin/paracrine fashion. Lcn2 breaks the NFB-STAT3 loop to limit the magnitude of inflammatory response by inhibiting NFB activation. In the absence of Lcn2, NFB-STAT3 loop activation and inflammation persist stronger and longer. 
